Adults of the lady beetle species Harmonia axyridis (Pallas) are bred artificially en masse for classic biological control, which requires egg-laying by the H. axyridis ovary. Development-related genes may impact the growth of the H. axyridis adult ovary but have not been reported. Here, we used integrative time-series RNA-seq analysis of the ovary in H. axyridis adults to detect development-related genes. A total of 28,558 unigenes were functionally annotated using seven types of databases to obtain an annotated unigene database for ovaries in H. axyridis adults. We also analysed differentially expressed genes (DEGs) between samples. Based on a combination of the results of this bioinformatics analysis with literature reports and gene expression level changes in four different stages, we focused on the development of oocyte reproductive stem cell and yolk formation process and identified 26 genes with high similarity to development-related genes. 20 DEGs were randomly chosen for quantitative real-time PCR (qRT-PCR) to validate the accuracy of the RNA-seq results. This study establishes a robust pipeline for the discovery of key genes using high-throughput sequencing and the identification of a class of development-related genes for characterization.
RNA-seq provides a far more precise measurement of transcript levels and their isoforms than other methods 12 . Vera (2008) first reported the Melitaea cinxia. L transcriptome sequence obtained with RNA-seq, which was considered as paradigm in insects based on the new generation of transcriptome sequencing technology 13 . Gibbons (2009) sequenced Anopheles gambiae. L and Aedes aegypti. L, which confirmed that the short-read sequencing platform was feasible in non-model insect transcriptome studies 14 . Malone and Oliver (2011) adopted Illumina to perform RNA-seq experiments with Drosophila pseudoobscura. L and confirmed that this sequencing technology was reliable for gene expression research 15 . In our study, we applied RNA-seq to obtain ovary transcriptomes from H. axyridis adults in Stages (1-4) (S1-S4), and performed an in depth analysis of these data to detect development-related genes. Additionally, we performed quantitative reverse transcription (qRT-PCR) analysis to validate the RNA-seq results. This transcriptome-wide study of mRNAs in the H. axyridis ovary will facilitate the study of the functions of development-related genes and provide potential RNAi targets to accelerate the breeding of H. axyridis for use in biological control.
Results
Transcriptome sequencing and read assembly. After Illumina Solexa deep sequencing, 21.5 Gb of clean data were obtained from the transcriptome sequencing of the H. axyridis adult ovary. To obtain an overview of the ovary expression profile at the different developmental stages in H. axyridis adults, four expressed gene libraries (S1: 22,364, 281; S2: 18, 460,991; S 3: 20,636,344; and S4: 24,531,820) containing clean reads were obtained for analysis. All base calling rates were greater than 92% (Table 1) . A large number of reads was distributed at approximately 500 bp, with lengths ranging from 300 to 2000 bp. After assembly, 64,231 transcripts and 47,550 unigenes were obtained; the N50s of the transcripts and unigenes were 1448 and 1282 bp, respectively (Table 2) , indicating high integrity assembly.
Unigene annotation. For annotation of the unigenes, BLAST software (version 2.2.26) 16 was used to compare the unigene sequences with the Clusters of Orthologous Groups (COG) 17 , Gene Ontology (GO) 18 , Kyoto Encyclopedia of Genes and Genomes (KEGG) 19 , euKaryotic Orthologous Groups (KOG) 20 , Protein family (Pfam) 21 , Swiss-Prot 22 , and non-redundant (nr) databases 23 to annotate the unigenes. Functions were predicted and classified with the COG classification system, resulting in the annotation of 7296 unigenes (Table 3) . Additionally, 12,985 unigenes were annotated by the GO classification system. The pathway involvement of 8144 unigenes identified in this study was predicted based on a comparison with the KEGG database. A total of 17, 235, 16, 822, 16, 863 , and 28,186 unigenes were analysed with the KOG, Pfam, Swiss-Prot, and nr databases, respectively. Overall, 28,558 unigenes were annotated by selecting parameters with an E value ≤ 1e-5 (Table 3) , to obtain an unigene annotation database for ovaries in H. axyridis adults (Supplementary Dataset File 1 ).
Differentially expressed genes (DEGs) analysis. To detect specific target genes that affected the developmental process, we performed a series of genome-wide expression profiling comparisons to examine gene activity changes between S1 and the other three stages. An Fragments per kilobase of exon model per million mapped reads (FPKM) fold change > 2 and a false discovery rate (FDR) < 0.05 were used as the thresholds to identify significant differences in gene expression.
Samples Clean Reads
Clean Data GC content (%) % ≥Q30 Comparing S2 with S1, 962 genes were differentially expressed, including 134 up-regulated genes and 828 down-regulated genes (Table 4) . In S3 compared with S1, the expression of 524 genes was up-regulated and the expression of 810 genes was down-regulated (Table 4) . When the gene expression levels were compared between S1 and S4, 4994 genes were up-regulated and 4646 genes were down-regulated, for a total number of 9640 genes (Table 4) . These results revealed that the number of DEGs increased as development proceeded (Fig. 1) . All of the obtained DEGs were combined into one DEG database (Supplementary Dataset File 2).
Identification and sequence analysis of development-related genes in a time series from the H. axyridis adult ovary. We combined the unigene annotations from the unigene annotation databases obtained above (Supplementary Dataset File 1) , literature reports [24] [25] [26] [27] [28] [29] [30] [31] , and transcription level changes in the four different stages (i.e., preference was given to genes that were up-or down-regulated continuously from S1 to S4) to identify genes associated with the formation of the polar plasm, the signal transduction mechanism in the ovary microenvironment and yolk formation, which define the development of the insect ovary 31 . In total, we identified 26 unigenes with high similarity to development-related genes ( Table 5 ). All of them can be annotated in nr and divided into the following eight groups based on specific molecular functions: one gene related to polar formation, two genes related to bone morphogenetic protein function related, one gene related to DE-cadherin function related, two genes related to insulin related function, one gene related to ecdysone signalling pathways, 11 genes related to Notch signalling pathway, five genes related to Jak-STAT signalling pathway, and threegenes Table 4 . Number of differentially expressed genes. The threshold value of significance in S1Vs S2, S1Vs S3, or S1Vs S4 were FPKM fold change > 2 and FDR < 0.05. Continued related to vitellogenin function. One gene related to polar formation was predicted to be full-length and to contribute to embryonic polarity protein dorsal-like isoform X1. Two putative sequences associated with bone morphogenetic protein functions were also predicted to be full-length. Their nucleotide lengths ranged from 3, 186 bp to 4, 758 bp, which corresponded to protein lengths of 517 aa to 821 aa, and the genes contained annotations for the bone morphogenetic protein receptor. TRINITY_DN17181_c3_g1 was the only gene related to DE-cadherin functions after screening and was annotated as a DE cadherin-like protein.
Two genes related to insulin function were identified; neither gene was full length, and the genes contained annotations for the insulin receptor substrate. One gene was annotated as an ecdysone-induced protein included in the ecdysone signalling pathway. Of the 11genes predicted to be related to the Notch signalling pathway, six genes were full-length. All homologous functions from the nr database are shown in Table 5 . In this study, we identified five genes related to the Jak-STAT signalling pathway; four of these genes were full-length, and all of the genes were predicted to possess different homologous functions. Three genes were related to vitellogenin functions, which plays an important role in yolk formation. TRINITY_DN20508_c0_g4 was annotated as the vitellogenin receptor. TRINITY_DN20502_c0_g1 and TRINITY_DN20736_c0_g1 were annotated as vitellogenin. In total, 18 unigenes in the H. axyridis adult ovary could be blasted against Tribolium castaneum Herbst, which accounted for 69.2% of all identified unigenes with high similarity to development-related genes. The others genes blasted to Anoplophora glabripennis Motschulsky (15.4%), Agrilus planipennisFairmaire (11.5%) and Polistes canadensisL (3.8%) ( Table 5 ). Heat maps of the development-related genes identified in the ovaries of H. axyridis adults during development indicated that the same gene had different expression levels in different stages (Fig. 2) .
Functional annotation clustering of development-related genes. Following GO annotation, the 26 development-related gene were classified into 35 different groups belonging to three main categories ("biological process", "cellular component", and "molecular function") (Fig. 3) . "Biological regulation" (14 genes), "single-organism process" (14 genes), and "cellular process" (12 genes) were the top three abundant categories in "biological process", whereas "membrane" (13 genes),"membrane part" (9 genes), "cell" (8 genes), "cell part" (8 genes) and "organelle" (7 genes) were the top five categories in "cellular component". Gene number involved in "binding" (11 genes) was the dominant in the "molecular function" category ( Fig. 3) (Supplementary information Table 1 ). A total of 21 development-related genes were annotated by the KEGG classification system, including 13 genes related to signal transduction, four genes for ageing or endocrine and metabolic diseases, two genes for development, and one gene for carbohydrate metabolism or glycan biosynthesis and metabolism (Fig. 4) (Supplementary information Table 2 ).
qRT-PCR validation of the DEGs results. To validate our DEG results, 20 randomly selected genes were analysed by qRT-PCR. Primer pairs for qRT-PCR were designed based on the nucleotide sequences of the transcriptome results. β -Actin was chosen as the internal control. The expression changes of these genes in S1, S2, S3 and S4 ovaries are shown in Fig. 5 . Expression patterns similar to the DEG results were obtained. In combination with the previous study, the accuracy of the DEG results was verified 8 (Fig. 5 ).
Discussion
The ovary is a reproductive response organ that plays a crucial role in population breeding and undergoes dynamic and molecular changes. The development mechanism of the ovary has been studied in some insects. Liu (2015) studied the function of the vitellogenin gene in Chrysopa septempunctata. Wesmael 32 . Based on the sequence alignment with the results in this study, the TRINITY_DN20736_c0_g1 sequence shows 46.52% similarity with the vitellogenin gene reported in the study of Liu (2015) 32 . This finding suggests that these two genes have a certain similarity. Xie (2015) screened two genes related to polar cell formation; however, their sequence similarity was 6.96% and 14.82% with TRINITY_DN20651_c0_g14 identified in this study, indicating that these genes are not similar 31 . Based on the RNA-seq results, approximately 405 cellular-related genes were identified during ovary development in Bombyx mori. L in the fifth instar and early pupal stages, thus providing new insights into our understanding of the molecular mechanism of ovary development and oogenesis in the silkworm 33 . However, ovarian development related to natural enemy insects has mostly remained at the anatomic level 11 . H. axyridis is an important natural enemy. The ovary of H. axyridis has obvious spatial and temporal characteristics, and all four developmental stages are regulated by developmental gene expression 4 . Consequently, a comprehensive understanding of the molecular mechanisms underlying the regulation of ovary growth and development is very important for improving the reproductive capacity of H. axyridis.
Previous reports suggest that the formation and differentiation of germline stem cells (GSCs) directly determine the insect ovipositor 34 . GSCs develop from primordial germ cells (PGCs), which also maintain the balance of differentiation in the microenvironment 35 . In this series of physiological activities, the formation of polar plasm decides the development of the PGCs 31 . In this study, TRINITY_DN20651_c0_g14 was annotated as embryonic polarity protein dorsal-like isoform X1 and might have participated in the formation of polar cells in the ovaries, similar to XP_015172818.1 in Polistes canadensisL (Table 5 ). This process might represent the basic conditions of cellular differentiation 36 and organismal zygote development 37 . The signal transduction mechanism maintains the stability of the microenvironment 38 . Six groups of genes related to signal transduction were identified. Among them, bone morphogenetic protein function-related genes are dominant in maintaining GSC quality 31 . Two of these genes were annotated for the bone morphogenetic protein receptor, similar to the report of Yamashita 39 (Table 5 ). TRINITY_DN17181_c3_g1 was predicted to be a DE cadherin-like proteinrelated to GSC activity 29 . TRINITY_DN19612_c0_g1 and TRINITY_DN19612_c0_g9 are related to the insulin receptor, which affects insulin signalling pathways and controls the microenvironment via upstream regulation, thereby affecting GSC development 31 . TRINITY_DN20112_c0_g2 was the only gene related to the ecdysone signalling pathways and plays an important role in maintaining the stability of the microenvironment and GSC differentiation 31 . In the organization of many species, insulin signalling pathways and ecdysone signalling pathways correlate with one another 40 . The 11 genes related to the Notch signalling pathway may regulate the cell cap. Deficiency of the Notch signalling pathway might lead to a decrease in GSCs 26 . Five genes were included in the Jak-STAT signalling pathway, which can affect the bone morphogenetic protein 25 . Three genes were related to vitellogenin, which provides nutrition to the ovary 31 and thus is indispensable for embryonic development 41 . TRINITY_DN20502_c0_g1 and TRINITY_DN20736_c0_g1 were predicted to be vitellogenin, but the similarity between these genes was only 38.73%, indicating that they are different genes. The functional genes identified in this study are closely associated with ovarian development. The 18 (69.2%) development-related genes identified in this study could be blasted against Tribolium castaneum Herbst, indicating high homology between them, and four (15.4%), three (11.5%), and one (3.8%) development-related genes could be blasted against Anoplophora glabripennis. Motschulsky, Agrilus planipennis. Fairmaire and Polistes Canadensis. L, respectively, revealing evolutionary relationships among these species. Screening for functional genes could provide a foundation for research on developmental mechanisms in the H. axyridis adult ovary.
This study adopted functional transcriptome analysis with deep sequencing and the identification of genes after focusing on key ovary development processes, providing a new method to identify genes related to ovary development. Egg production might be stimulated in H. axyridis adults by interfering with development-related genes using the information obtained in this study. In a future study, a series of functional validation experiments will be performed to evaluate the development-related genes identified in this study.
Materials and Methods
Experimental insects. The H. axyridis used in this study were collected from the suburbs of Beijing and reared in the laboratory at 26± 1 °C and 60-70% RH under a 16L:8D photoperiod for the experiments 42 . The insects were fed Acyrthosiphon pisum Harris reared on Pisum sativum. L. (Millborn Seeds, Zhewan 1, Beijing, China) in the laboratory. Ovary samples were collected from 100 H. axyridis adults on each of four typical dates, including the first day after emergence (Stage 1), the third day after emergence (Stage 2), the fourth day after emergence (Stage 3), and the seventh day after emergence (Stage 4) 8 .
Total RNA preparation. Total RNA was extracted from each stage on the first, third, fourth, and seventh days after insect emergence using TRIzol (Reagent, Thermo Fisher Scientific, Waltham, USA) according to the manufacturer's instructions 43 . Each RNA sample was incubated with RNase-free DNase I (Reagent, Thermo Fisher Scientific, Waltham, USA) for 30 minutes at 37 °C 43 . The total amount of RNA in each sample was approximately 30 μ g. The RNA samples were isolated and purified from the RNA pool with an Oligotex mRNA Midi kit (Reagent, Qiagen, Dusseldorf, Germany). A NanoDrop ND-1000 spectrophotometer (Specialized equipment, Thermo Fisher Scientific, Waltham, USA) was used to measure the absorbance at 260/280 nm (A260/A280) to determine the quality and quantity of the purified RNA. The integrity of the RNA was verified by electrophoresis on a 1.5% (w/v) agarose gel.
cDNA library construction and Illumina Solexa sequencing. A supported oligo ligation detection (SOLiD) Whole Transcriptome Analysis kit (Reagent, Thermo Fisher Scientific, Waltham, USA) was used to build a random fragment sequencing library following the manufacturer's standard procedure 44 . The purified mRNA was fragmented with an interrupt reagent in a thermomixer and used as the template to synthesize first-strand cDNA. RNase H (Reagent, Thermo Fisher Scientific, Waltham, USA), DNA polymerase I (Reagent, Promega, Madison, USA), and dNTPs (Reagent, Thermo Fisher Scientific, Waltham, USA) were used to synthesize the second-strand cDNA. For ligation to sequence adapters, the cDNA was purified and repaired, and A bases were added to the 3′ -end. Fragments of the appropriate size were selected and amplified by polymerase chain reaction (PCR) to construct the final sequencing library. After testing the quality control using an ABI Step One Plus Real-Time PCR System (Specialized equipment, Applied Biosystems, Foster, USA) and an Agilent 2100 Bioanalyzer (Specialized equipment, Agilent, Palo Alto, USA), the library was sequenced using the Illumina HiSeq 4000 platform (Specialized equipment, Illumina, SanDiego, USA) 44 .
Quality control of sequencing data. The raw Solexa sequencing data were processed using in-house Perl scripts to remove low-quality reads, reads containing poly-Ns and reads containing adapters to obtain clean data 44 . Concurrently, the Q20, Q30, and GC contents were calculated for the clean data. Clean data of high quality were used for the following analyses 44 .
De novo transcriptome assembly and quantification of gene expression levels. The trimmed reads were de novo assembled using trinityrnaseq_r20140717 with the default setting 45 . Bowtie v2.23 was used to map the clean reads to the Trinity assembly 46 . Then, RSEM 47 was used to estimate the gene and isoform expression levels by calculating the FPKM of each gene and isoform (which considers the effect of the sequencing depth and gene length of the reads counted simultaneously) 48 .
Unigene annotation. The 23 . The annotations of the unigenes were com-bined to create a database of annotated unigenes in the ovaries of adult H. axyridis.
DEGs analysis.
Prior to differential gene expression analysis, for each sequenced library, the read counts were adjusted using the edgeR program package through one scaling normalized factor 49 . The DEGSeq R package (1.12.0) (https://bioconductor.org/packages/release/bioc/html/DESeq.html) was used to analyse differential expression under two conditions 50 . The Benjamini & Hochberg method was used to correct the P-values. Differential expression was considered significant at a P-value of 0.005 and log2 (fold change) of 1 51 A series of genome-wide expression profiling comparisons were performed to examine gene activity changes between S1 and the other three stages. All obtained DEGs were combined into one DEG database.
Identification and sequence analysis of development-related genes. To obtain a comprehensive perspective on the molecular basis of ovary development, we focused on the formation of the polar plasm, the signal transduction mechanism in the ovary microenvironment and yolk formation 31 . The analysis was based on the database of annotated unigenes in the ovaries of adult H. axyridis and the DEG database obtained in this study, literature reports [24] [25] [26] [27] [28] [29] [30] [31] , and changes in gene expression levels in the four different stages to identify genes related to ovary development.
Development-related genes functional annotation clustering. Development-related genes were converted to unigenes annotation database of ovaries in H. axyridis adult and underwent functional enrichment analysis within GO and KEGG pathway terms with DAVID v6.7 (http://david.abcc.ncifcrf.gov/). The value was considered as significant when it was < 0.05 for GO terms and KEGG pathways 52 .
qRT-PCR validation of the DEGs results. A total of 20 randomly selected mRNAs were tested by qRT-PCR (Table 6 ). Total RNA was extracted following the RNA-seq method. Using nuclease-free water, the concentration of each RNA sample was adjusted to 1 μ g/μ l, and 6 μ l of total RNA from each sample was used as the template to synthesize first-strand cDNA in a reverse transcription system using a first-strand synthesis kit (Reagent, Thermo Fisher Scientific, Waltham, USA) following the manufacturer's instructions. The β -actin gene was chosen as an internal control in all qRT-PCR experiments. Twenty pairs of primers were designed to validate the RNA-seq data ( Table 6 ). Analysis of a particular gene was performed three times under identical conditions in a 25-μ l volume in the Roche Light Cycler 480 system (Reagent, Roche, Basel, Switzerland) 53 . The E (Efficiency)-method from Roche Applied Science was used to analyse the relative quantification of all target genes 53 . The expression levels of the target genes were normalized by comparison with the β -actin reference gene 53 .
